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ELIMINATING AIRCRAFT ENGINE VIEBRATION

M. Ye. Levit, Candldate of Technical Sclences,

and Yu. A. Kolosov, Englneer

With the development of the new technology, a great deal of
attention is being directed to the study of elastic osclillations —
their calculatlion and preventlon. The works of many researchers and
plant englneers are devoted to this problem.

In spite of the decided achlevements 1n this area, the study of .
the causes of machine vibration remains a complicated problem, because
it 1s difficult fo take into account and evaluate the influence of
many and varied factors. Among these are variocus types of deformation,
asymmetric rigidity, ylelding of supports, etec. Howéver, one effect
18 certain and basic; it is imbalance 1n high-rpm azssemblles, which
leads the system to vibrate with an amplitude which is a funetlon of
the degree of imbalance.

The vibratlons transmitted to the machine can causc resonsuee in
1ts bracing unlts, disrupt the normal operation of fittings and Ingirv.
ments, and considerably lower its operating resources. The osciliationg
have a substantlal effect on the maintenance personnel. For exumple,

oscillations above 50 cps can be propagated through the human body
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without any noticeable fading. This helghtens thelr negative effecs
on the central nervous system and on the organism as a whole, Under
the action of vibrations, serious disorders result in the human
organism.

' Inasmuch as machine vibrations are first of all a function of
rotor imbalance, the development of methods for higher-precision
balancing and the creation of the necessary arrangemenis to guarantee

vibraticonless cperatlon take on great importance.

Vibration in gas-turbine engines and ways of reducling it

The systematic improvement of the deslgn of gas-turbine engines
introduced many methods of combatting vibratlions and, owilng to the
design features of the engines (one piece and multipiece rotors),
oscllletions are observed which have varied character and form,
however, the methods of eliminating them are basically general. They
come down to determining the magnitude of the vibration overload of
the englne and rebalancing of the rotors. Test stands are used, and
each experiment includes complete dismantling of the engine. This

method, although 1t corresponds to actual operatling conditilons and takes
into account dynamic rotor deflections, temperature and axial force,
it has the essentlal disadvantage of requiring overhauling of the
engine, which leads to a change in the initial conditions {the pc.-
¢ision of parts, clearances in joints, bearing seatings, etc.).

At the present time, the method of reducing the amplitude of
vibrations which exceed the limits of engineering conditlons 1=
chiefly the following:

1. Damping of the oscillations of the system and tunlng them oui
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of the resonance conditions of operation.

2. Increaslng the quallty and accuracy of dynamiec equilibriom,

allowing the vibrations of the system to be decreased.

- Without touqhing on the filrst of these, let us say that so far
the basls of the method of dynamic balancing of rotating bodies 1s
the assumption of their absolute rigidity. Therefore, any number of
unbalanced centrifugal forces is reduced to two forces, lying usually
at the outer planes. Because of this, the balancing machines are
fitted with two supports, on which the body to be balanced turns at
low rpm (%00 to 800 rpm). By choosing the magnitude and location for
the balancing weight, the action of the unbalanced centrifugal force
ls eliminated for one support. The same operation ig carriled out
for the other support. However, the use of high rpm machines shows
that even comparatively rigld rotors are deformed during transition
to higher speeds. Deflections increase sharply and the rotor takes
on the so-called elastic Imbalance. This imbalance leads to a stron:
increase in the amplitude of oscillations. Thercfore, a method for
balancing high rpm elastic systems having great mass Is a real
problem.

If rotors with great deformation belong Lo 1he category of elastis
systems, then they must be balanced at cperating rpm. lHowever, b
kind of balancing is very difficult under the present conditions. 7y
requires high power (25,000 to 50,000ukw), complicated apparatus and
a comparatively long time for balancing.

In this connectlon the authors, wilth the participation of
engineers I. I. Bayenko and G. K. Devyatov, have studled 4 new maihod
of balancing full-scale rotors at working rpm wiith & small expendd-

ture of power for thelr running. Thls method differs lrom the exist’ig;
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ones in that the correcting welghts are introduced not only at the
outer planes, but also at one or more of the driving planes along the
length of the rotor. With this, rotor deformation (deflection of

: elastic 1line) is reduced. The location and magnitude of lmbalance iv

determined by special pick-ups at the operating speed of the rotof@ -

Although 1t 1s imposslble to eliminate vibration completely in

turbo-jet engines, the proposed method ensures thot 1t wlll be lowered

to an acceptable level.

The method of balancing and the equipment used

i The balancing of full-scale engines and their assemblies by the
i proposed method is carried out on a speclal stend, wnrch allows bal-
ancing to be done at operating rpm. The rotor is set up together
with the housing, 1.e., on 1ts own supports.

The schematic dlagram of the stand (Fig. 1) provides for the
location of the object of study in the chamber. Here the suspensiocr
conditions for the object are close to the actual ones, in order to
preserve 1its frequency characteristic insofar au pocslible.

The rotor is started up by a d-c electric metor through & gead
box. In order to exclude the effect of driving on itne oseclllations
of the object, there 1s a free-running clutch in lhe mystem,

The chamber in which the object of study is ingtalled can bx oJ
varied design. A vacuum can be created in it (i to 3 mm Hg), whizh
allows the power required to turn the huge rotor to he muach lowel.
For a number of obJjects, a separate vacuum chamber need nol e walc,
but having provided the necessary seals, a vacuaur 1o crgateﬂ S e
engine housing. For example, when examinlig vibratioas i ibe V- d

engine on an MAI-1 stand, the compressor houslus, Fitted with three
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sealing disce, a cup-type seal along the compressor ehalt und plogs,
served successfully as a vacuum chamber (Fig. 2). But sometlmes the
housing cannvt be sealed reliably enough. It 1s betier to use a

special vacuum chamber then.

Fig. 2. Dlagram of vacuum apparatus wilth a
VK-1 engine. 1) electric motor; 2) pgear;
3) free-running clutch; 4) engine to be
studied; 5) sealing ring; 6) frame; 7) lub-
rication system; 8) vacuum system.-

An MAI-3 stand was bullt in order to study the vibrations of the
axlal compressors, where the vacuum chamber was of self-contalined
design.

It is a steel cylinder closed at the ends by discs (Fig. 3).
There is a cup seal in the forward disc whlch mokes 1t alrtight wlong
the drive shaft. In addition, there is a hateb v the disc for cor-
venlence in mounting the balancing weights. The disc is bolted to
the flange of the chamber. This connectlon is made airiight withy o
vacuum=rubber gasket 2 to 3 mm in diameter.

A special nacelle is mounted on the rear disc, through which #37
electrical contacts and oil lines exlt, and to whiich {the ploesn 1ov
the vacuum pumps are connected. 1In this same disc there 1z adseo ar
cpening for the main drain of the 01l system.

Along the outer surface of the chamber are neveral strong
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stringers connected by corner plates. The strisgers ave reinforeed,

four adjustable Journals are mounted on them, by which ihe chawber
is secured to the frame, which is mounted on the base plate. In
addition to this, there is in the chamber a hatch for ease in petting

to the rotor and several tens of openiugs for mouniing the capacltive

pickups. Two annular frames are welded inside th~ chamber for

mounting the obJject €o be studled.

P
S capeeitiv

~/ //;;/ piclkups

=4

Fig. 3. Over-all view of vacuum «rambet
with axial compressor.
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. Fig, 4, Calculated stress diagraw ol .t
| vacuum chamber.
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The chamber of the stand, In the calewlation of both sigidity
and stability, 1s considered an axlally symmetric shell subjected to
the simultaneous actlon of axilal compregsion and wniform trangverse
pressure (Fig. 4). Under the actlon of these forses, the shell can
retain i1ts cylindrical shape only up to lnown {practical) load values.
At critical loads this equllibrium shape hecomer unstable and the
shell can bulge.

Iet us assume that the shell lg thin and 1ts edpes are free of

support. For this case S. P. Timoshenko [1] puts forth a simplified

~ formula for determining the critical load

B b T (R,
= R ;»0,5(—"»‘)2 lvhf‘( I_.)u,, 1]1 12R2 (1 ~- %) [ }

i TR

qCI‘

where E = 2,1 * 10%° kg/ecm® 1s Young's modulus for the material of the
chamber; & the thickness of the shell in cm; B the radius od the shel}
(60 cm); 1 the length of the shell in cm; p Polsson's ratlo; g atmos.
pheric pressure in kg/bma; and h the number of parts about the perin. -
ery at which the shell bulges. It is determincd as a funcitlon of

the ratios 8/2R and 1/2R according to the rroub av g, 251 of
Timoshenko's work [1].

In our case a high vacuum 18 created luilde the chamber with
atmospheric pressure on the outside. Therelor., the maximum pressure
drop g will equal 1 kg/cm®.

In order to increase the stabillty reserve. longitudinal prorils
ribs (stringers) and transverse ribs (frames) are wolded to tic @ie 1L,

When calculating stablllty, the presence o1l the relniorcements
should be taken Into account. However, calculalion ol the silebliity
of a reinforced shell 1s very compllcated anrd, cheveoflre, o smhall

1imit ourselves t¢ ithe calculation of stabllity oI an unreinlorcesd

-7~
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shell, taking into account its length and thilciciigs,

Calculations have been made for various velues of & and 1. The
results of the calculations ghowy that when 1 @ I%0 omoand & = 1 em
even an unreinforced shell has a stabllliy resesrve

Bovp
.Aagﬂ.m 29,

The introductlon ot reinforcing ribs lncreanses the stabllity
reserve even more.

The drive s8ystem 1ls self-contained owling Lo which 1t 1s posslble
to turn various rotos witnout meodifying it.

Turning of the object te be examlned g accomplished by a
130-kw d-¢ electric molor cperatlng at 1000 rpm. Smoothness of
turning is attained by the starting and shuat rheostats. The shaft
of the electric motor 1s connected to the gear box by a sllt spring;
the gear box 1s mounted on a special stand on a single base platve
wilth the electric motor,

The drive shaft of the gear box 1s connected to the shfat of the
free-running clutch, which in thils case 18 mounited ln the rear nozzle
of the compressor. The free-running clutch J& nceessary to elinlngte
the effect of driving when studying the causes of vibratlon.

The drive shaft of the free-running cluteh passes through a ..
packing. Taking Into account that the power required 10 turn ithe
rotors of modern turbo-jet engines on MAl vacuum vibromeasurlng
stands 1is from 50 to 60 kw, shafts of up *o 18 mm in diameter shoni.d
be used, which allows the 1ife of the cups to be vrolonged.

The shaft driving the object undex study ¢ooretes by twlsiliny.
The most dangefous time 1s when the spring L ound up dn steiting

the rotor.
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The equation of motion 6 the appars

reduced moment of inertla of the roioz

fly e W= S

where Md 1 the reduced wouwoi of dvdving

reduced drag moment in Lkgoar, Jy Lo poser

z R A

rotor, egual to P20 lpgeme oo

1/sec?.

Since the rotor is i a vecuwown the @

tion of the 1oty wgelusl Lue wir) can be
more valld at Lhe moment od sractoog the

velocities of the gliven bovoe o ¢ now yelb

M. = J dn

d M Tat v

The windlng tension Ju fthe gprineg

w

~~ 3
where wcr’“ 0.24°.

From the operat ing conditlone we teke ﬂa

alloyed steel with o,

Mo
BTy T
02Ryd4

Let us assume that the rotor must be

A

G i/

!
or W = B40/sec.
max /
For the case when the stariiag time

)
| BT
a) tan aiy = { dt)ﬂ RY

@ 12!,’/5;(.;(;;)"; t

-

us oy the cage of a constanti

g e

the form

byt b 3] B

4o
Wodo

Toyer i lrgoems; Mc the
wmopeliy 0f inertia of' the

angulee aceeleration in |

wip mome ot (from the fric-
lgnored. This 1s all the
rowoe, when the peripheral

hipho,  Therefore,

MCJ' "

w e I\add,

qq ~ 1500 kg/em? for

v 10,000 kg/cm® Hence we flnd

_ul @;m
| VA
V 00

EDUN Un LC N w 8000 rpw,

mEL3e

t oo 60 sec, we Ohluil

G

3 B A} -~'a-‘ Tos 2‘?(‘} : j'! m




d = Y 30w

o = €8 Ol w 24 ity
do y . A A en 990 94 = 5980
b) tan of 2(77),..‘.« om0 Vil Myges 220245280 kigas
E S
d -?-‘! ‘23:23?:::2'5 m::::?ﬁ mgie .

For the case when the starting time © = 2 mlin, we obﬁain

,w b £ § ~ v L
a) ("%5)2 N 7/ 50 Myp = 220 " 7T = 1540 kgem

av
3, T
510 -y
d e/ T 18

du) ; " ry . e i v " A
b) (-d—E)Q nas - Lon C‘m;}. = AP0 /scery NCI o 220 12 = 2640 kgem

d = e "gg,u e - 23 i, L

Considering thow ine oiarting toaae can Le Increased w t > 2 min, .
the spring dlame.ocr can be Tiwiie d Lo 18 mm,

The power ezpendcd an tvrpiang the rotor is oA functlion of the |
design and dimensions of the rotor, and also of the depth of the
vacuum in its housing. The main pari of this power 1s expended in
overcoming friction of the rotor agalnst the alr. The friction
power N for a wheel with a given relationship of geometrlic dimensions

1s a Tunctlon of the wnpulo: veldool iy o, Lo onter dlameter of the

wheel D, and the densicy oi the aix p

N=7F (o, I, p).

The approximate colcevlations ol the power and the resulte of fnc
experiments confirming them are shown in the praph in Flg, 5 for
turbo-jet engines with centrifugol comprossers. In order to wlnd wp
the rotor of an axial compressor of a powerful turbo.jet engine 1o

operating rpm when the vacuum in the chamber cquals 1 to & wa Hg.

about 60 kw of power 18 requirved.

-10..
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Fig. 5. Fower reguired to turn rotor
vergus chamber\ vacuum.

Calculation of power 1s made ¢Ifficult by the fact that the
disc-loss factors in a vecuuw oa che order of 1 to % mm Hg are
obtained experimentally.

The oll system congists of two autonomous cilrculating oll
systems (Fig. 1). The first is for lubrication of the bearings in
the vacuum zone. The first is called the gear-box oll system, and
the second the vacuum oll systen,.

In the gear-box oil system thore 15 5 two-stapge oil pump 263
the 0il comes from the tank 24 through the stopcock 25. The pump 1&
driven by an electric motor 3. The oil 1g fed to the bearings from
the pressure stage of the pump throuch {he titter 29 A pressure
regulator 28 serves to control the wocrking pressure of the service
mechanlsms. From the ovtput of the pump-out stage the o0il is fead
through a radilator 30 té the service tank 24. The speclal feature
of the vécuum 0il system is the ftack it performs: the lubrication
and cooling of bearings in a vacuum on the ovder of 1 to 2 mm Hg.

Much work was done in choosing the oil-rystsw plan and ithie kind

of lubricant which would worl at this pressure. As a result of the

~14-




“and 6).

investigations several efficlent plang were chosen (one of which ia

shown here) and only one type of lubricant-sillcone (fluid Nos., 5

A single-stage pump 3% 18 Installed in the vacuum 01l system to

sﬁpply lubrication to the rotor bearings. The pump is driven by an

electric motor. From the service tank 31 the Jubricant is fed into
the pump and then, passing through the filter 3% and the radiator 35,
it 1s fed to lubricate the bearingé.

The working pressure in the sysiem iz controlled by a pressure
regulator 38 and a bypass cock 39, The lubricant is returned to the
service tank by a pipe.

In the case of forced stopplng ol the vacuum 0il system there 1s
an emergency device which wor s as follows: compressed air, directed
from & cylinder 40 into a tank 41, forces the lubricant there through
the fllter 42 and the reserve channel 36 to the bearings.

The vacuum system 1s desipgned to create and maintaln the required
evacuation in the vacuum chamber, This is cchleved by ratlonal
cholce in the design of the working space {vacuum chamber), by having
simple and reliable seals in all Joints und halches of the chamber
and in all vacuum lines and, finally, by uslng the proper type of
vacuum pump. In addition to this, It 15 necessary to install in the
working space as few as posslble units, parts and llnes of materialw
which vaporize easily in a vacuum {rubber, vinyl chloride, plastoliie,
ebonite, wires in all types of insulation, etc.). Thls 1s ewpzclally
important if the vacuum pump does not have suffTlcient rederve ouiput,
because an unavoidable inf'low of air through the s¢al inte the
working space and a large quantity of easlly vaporlzed materdsl can

interfere with the creation of the reguired wvacrom,

12
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The measuring apparatus of the stand ls divided Into two inde-
v pendent groupe.

‘ The first group contains the apparatus for measuring and record-
1ng the vibrations type MV-21 vibropickups, SIV-3 vibration meters, y
and an MPO-2 oscillograph. Thig is IYP-1 or IP-2 apparatus, for -
recording the change in magnitude and direction of rotor deflection,
This equipment was developed and approved by the Moscow Aviation

Institute (MAI).

cepacitive
- atage e o
/ . pickup A

9

i ‘l :;-¢;0|lll|lll
{amp]iﬂer \{ T lumu lo
_ \\ A
st m:u ker 9 e |
capac ve am 1ifiey oaoillo 8,
' position—mrker 2B 2 o gr ph
pickup _J _,.,,,__ . v-x .r.uu-:uw-

Fig. 6. Block diagram of IP-1 apparatus.

The second group contains the entlre measuring apparatus, which
allows the operation of all auxiliary systems of the stand to be
controlled: the vacuum, drive, ol gystems, ete, The instruments
in this group are standurd vacuum meters, ammetere, volt meters,
pressure gages, and thermometers, so it 18 not necessary to describe
them in detail.

Measuring and recording of vibrations is accomplished on cqulj~
ment used by the aircraft industry; the testing and callbratiion of.
this apparatus is also done by generally accepted methods. Therefore,
we shall only describe the operation and purpose of the subgroup of
measuring equipment used for recording the change ln magnitude and
direction of rotor deflection, 1.e., the baslc apparatus in rotoy

balaneing or studying the causes of increased machline vilibratlon.

-13.




As was mentioned above, there are two types c¢f this apparatua?
IP-1 and IP-2. The type IP-1 measuring appafatua (Pig. 6) consists
of a capacitive stage plckup, a capacitive position-marker pickup,
two implifiers and an oscillograph. As ls apparent from Fig. 7, the .
IP-1 unit is very simple to produce and make it posﬁible to obtain a
sufficlently clear qualitatlve picture of rotor deflection and the
change 1n l1ts direction over the entire range of operating revolutions
(Fig. 8). The disadvantage of this apparatus 1s the complexity of its
calibration, when 1t 1is necessary to make a quantitative determination
of the magnitude of deflection (see IP-1 calibration). Now let us
examine how the magnitude and direction of rotor deflection are
detefmined by using the IP-1,

The capacltive stage pickups are lnstalled in several rotatlon
zones of the rotor under investigation, usually opposlite the stages;
hence thelr name. The sensling elements of the -plckups can be moved
toward the rotor axis with accuracy up to 0,01 mm. This 1s necessary
for callbrating the apparatus. Tne working gap between the blades
of the stage and sensing element can e set up to 5 mm, depending
upon the structure of the object. The capacitive pickups are connected
through an amplifier to the oscillograph.

¥hen the rotor turns, the blades of the stage, passing by the
sensing element of the capacitive pickup, change 1ts capacltance, and
a pulse appears on the oscillograph screen. Because of the continulty
of the passing of the blades by the plckup, we can see on the oscillo-
graph screen a sine curve of the so-called carrier freguency.

In deflecticn, the sine curve of the carrier-frequency envelope
1s clearly visible on the screen. Spread 1n the amplltude of the

envelope corresponds to double deflectlon of the rotor in a glven

-14-
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‘aves (rig. 8).

Thus we determine the relative magnitude of the deflection and

- 1ts variationé with respcet to rpm, that 1s, the qualitative picturejfn

e "Calibration of Ip-1 Apparatus"). In order to obtain the full
picture of the elastic line of the rotor, 1t 1s also neceasary to
know the direction of deflectlon relative to any previously assigned
point of reference. An additional capacitive plckup, a position

marker, is used for thils.

on

N
6200 3=
10 s 0%
-
; bmy = \4
o | ~-~f—
2200

00x -+,
woi | %,

oscillograph

Flg. 7. Schematic of capacltive pickup and
emplifier unit of type IP-1 spparatus.

The direction of deflection 1s determined as follows. A metal
pin is mounted radlally on the rotor shaft in an arbitrary position;
the capacitlve posltlion-marker plckup is mounted in the plane of
rotation of this pin (Fig. 6). The pickup is connected through an
amplifier to fhe modulating electrode of the oscillograph. When the

'rotor turns, the pln passes by the sensing element of the capacitive

pickup and one pulse per revolutlon is seen on the screen. It is
obvlous that for each revolutlon of the rotor we shall see a pulse
which characterizes a fully determlined marker position relative to

the maximum of the envelope of deflection. Thus it 1s possible to
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‘of the elastic line (to determine the actual magnitude of deflection
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determine with sufficient accuracy (to one blade) the number of blades

from the maximum of the envelope to the position-marker pulse, i.e.,
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‘to determine with accuracy to one blade the direction of rotor deflec-

tion in a given plgne.'» S »
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Fig. 8. Photograph of oscillograph screen.

a) in the presence of deflection; b) in the : |
absence of deflection.

In order to determine the actusl magnitud; of rotor deflection, .
the IP-1 apparatus is calibrated.

At the basis of the method lies the balancing under resocnance
conditions of the system in the range of operating rpm. Therefore,
in rotor balancing we are interested in its maximum deflection and
the shape of the elastic lline. Thereofre, the capacltlve apparatus
is calibrated for Jjust those conditions. The callbratlion technigue
is as follows.

Having recorded on the grid of the oscillograph screen the max-
dmum position of the envelope, we depart froa resonance by 50 to 100
rpn up or down. In this the amplitude of the envelope decreases or

vanishes. Departing thus from the resonance maximum, we begin to

lead the capacitive pickup toward the stage. The signal from the
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'b;adea of the sfagé will 1nc£eaae. Having hrought up the signal on
. the screen to the former maxinum v;lue of the deflection envelope,
' 'ue stop moving the pickup townrd tho ltl‘. and measure thn distlnce
“"“hoved with & micrometer. Thia vulue will be equal to tvico thc

deflection of the rotor in a given plane of measurins.‘
‘t.o “* input
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Flg. 9. Block dlagram of IP-2 apparatus.

The IP-% apparatus 1s used when the structure and parameters of
the object to be balanced and the balancing stand allow the apparatus
to be calibrated by the above method. In this case it should be
noted that for balancing 1t i1s sufficent to have a qualitative pilcture
of the deflectlions; thelr absolute value is important only when
making other studies.

Thus it 1s sufficient to equip the stand with IP-1 apparatus for
balancing at operating rpm.

The IP-2 is a further development of the apparatus for measuring
the magnitude and direction of deflections. The distinguishing
feature of the IP-2 1s the independence of the results of measure-
ments from the speed of the rotor from hundreds of revolutions per

minute to several tens of thousands. Owing to this, calibration 1is

conslderably simplified.
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Figure 9 shows a block diagram of the IP~2. A pickup made in

the form of a small inductance coil is mounted at a distance of 1.5

~ " to 2.5 mm from the ends of the rotor blades. The size of the gap 1s
Zf_zdetermined by the structure of the object, i.e., by the working gap
‘between the rotor and the housing, and also by the sensitivity of the

plckup.

The inductance of the pilckup is part of the high-frequency
osclllator circuit. When a blade passes by the plckup 1ts inductance
changes, and, consequently, the frequency of the h-f oscillator. The
frequency deviation of the latter 1s a function of the distance

between the pickup and the blade ends, i.e., in the final analysis a '

function of the deflection of the rotor shaft and not a function of
the rotor speed.

From the high-frequency oscillator, after passing through a

limiter, the frequency-modu;ated voltage enters the frequency detéctor,.

from the load of which the voltage, varying in amplitude in accord-
ance with the change in frequency, enters the measuring part of the
circult and the vertical amplifier of the oscillograph.

The processess taking place in the circuit of the instrument

are shown 1n Flg. 10, where

60 60 |
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n is the rotor speed in revolutions per minute; and z is the number
of blades of the glven rotor stage.

From Fig. 10 it is apparent that a voltagelincrement AUM appears
in the presence of deflection. The measuring part of the circuilt
measures thls increment and thus allows the meter to register the
amount of deflection.
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In order to determine the locstion of the so-called "heavy place”

o,

“with an oscillograph, bright marks are used which correspond to each

'revolution{ Tb accomplish this & metal pinlia mounted on the rotor . - T
i"_shﬁff ﬁnd'a cgpacitive plckup ie installed‘;n its plane of rotation
h (aee Fig. 9). When the pin passes by théﬂ?ickﬁp“platé, thefe is 2
rapid.change in 1ts capacitance, which is transformed into a voltage
pulse. After amplification this woltage enters a slave multivibrator.
From the multivibrator the pulse enters the modulating electrdde of

the cathode ray tube.

Balancing at Operating RPM

The possibility of observing changes 1n rator deflection in
several places along 1ts length, over the entire range of operating
rpm, allows an effective method of balancing to be put forward.

The basis of this method is balancing with respect to several '
driving planes at resonance conditions of the system in the range of
operating rpm of the rotor.

Thus we are interested in the shilfting of the rotor, its deflec-
tlon at resonance and near-resonance condltions, where maximum vibra-
tlon takes place.

From these conditions comes the following balancing order:

1. The setting up ol the rotor in the vacuum chamber together
with the framework. The supports should be such that the frequency
characteristic of the rotcr with framework is close to its frequency

characteristics on the full-scale oblect.

2. The connectiéﬁ of all necessary systems to the vacuum . i

chamber and the checking of thelr cperation.
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Fig. 10. Change in frequency and voltage
of IP-2 unit as a function of deflection.

a) change in frequency of h-f oscillator
in the presence of deflection; b) voltage
on csclllograph screen in the presence of
deflection; c¢) voltage on ocsclllograph
screen in the absence of deflection.
3. The switching on of the vacuum pump (the required evacuation

of the chamber).

4, The swltching on of the oll systems and the current to Lae

measuring apparatus by obtaining the required vacuum in the chamber.
5. The flnal check of the operation of all systems.

6. The switching on of the drive motor. The starting rheostat
regulates the emooth starting of the rotor. When necessary starting

can be in the areas of constant rpm.
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7. Whlle gathering speed, vibrations and meter readlngs are
observed at rated and below rated rpm; the most interesting times

being recorded on film, if necessary.

8. In order to increase the reliabllity of the results, the
start 1s repeated without changing the rotor load until stable resulta

are obtained. This depends upon the structure of the object examined.

9. The resonances of the system lying within the range of
operating rpm of the englne are made apparent by obtaining the
vibratory characteristics of the system along with respect to
revolutions. Taking into account the location of the "heavy places” -
aléng the rotor stages, at these resonance revolutions we detérﬁiné
the lccation and magnitude (for each stage) of the required balancing
wélights.

This method was approved in the study of vibrations of full-’
scale rotors of modern turbo-jet engines on a vacuum vibromeasuring
balancing stand. Compressor rotors were balanced the vibration of
which exceeded the allowable limits and which 1s not elimlnated by
modern factory methods.

As an illustration let us examine the results of the balancing
of a rotor by this method. The rotor was balanced on an ordinary
balancing stand with respect to the two outer driving planes; the
remaining imbalance did not exceed 40 gem. he engine assembled
with this compressor rotor showed increased vibration on the test
stand. Attempts to eliminate the vlbration by balancing plates,
which allowed the compressor rotor to be balanced with respect to
the same outer driving planes In the range of operating rph, dild not

glve the necessary result.




The rotor was examined aud rebalanced several times, dbut each
time the englne was tested on the stand, increased vibration was
”obsprved, which ecouid not bhe eljmlnatwd by plates.

Before sending the rotor %o “he MAI, 1t was agaln balanced to
l40_g¢m. The rotor was set up in the vacuum chamber and run up several

times to maximum rpm. #s a result, the dz2pendence of deflections
upon rpm was obtalned and the vibratory characteristic of the rotor
in the inltlal state was taken.

After processing the data 11 wos established that the system had
two resonance regimes, at 6400 and 7200 rpm (Fig. 11a). In this case
the deflectlon line of the rotor represented the first oscillation
shape; maximum deflection occurred at about the middle part of the
rotor. Therefore, It was doeided Lo balance the rotor only with
respect to the median plane, the thrid stage. It 1s lmportant to
note that maximum deflection at the middle section was observed at
speeds carresponding to two rescnances; the directions of the deflec-
tions in both cases diverged by about 60°., Two balancing welghts
were hung alternately. The Tirst welght was hung to eliminate the
deflection occurring at 7200 rpm (Fig. 11b) and the second to elimi.
nate the deflection appearing at 6400 rpm (Fig. 1ic). As a result,
rotor vibration at 7200 rpm was reduced by a factpmr of eight, and at
6400 rpm, by a factor of two, without changing the vibration level

at other speeds.
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Filg. 11. Change 1n vibration amplitude with
respect to speed at various rotor loads.

a) initial position of rotor; b) with weight
qy = 250 gem; c) with additional weight qp =

= 125 gem in a2 new position.

Conclusions

The existing method of balancing rotors by using two outer
correction planes can lower the level of vibrations but cannot elim-
inate their causes and guarantee vibratlonless engine operation.

The studies showed that the proposed method of balancing with
additional (median) correction planes at operating speeds allows
rotor deflection to be decreased considerably, and thus rotor stress
and the vibration level are reduced.

On the basis of the studies made, the lollowing order for engine

rotor balancing is recommended:
1. The separate statlc balancing of partsz iIn the rotor assembly.

2. Dynamlec balancing at low speed with the two outer driving

planes.
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3. Final balanecing at operatling rpm using additional median
correction planes,

The last two steps can be carried cut on a vibromeasuring bal-
: _ ancing stand, which makes 1t possible to study vibrations in full-

| scale gas-turbine engines and their assemblies at operating rpm and
‘above with negliglble expendliture of power,
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